Objective: To investigate whether high innate activity of the classical and lectin pathways of complement is associated with multifocal motor neuropathy (MMN) and whether levels of innate complement activity or the potential of anti-GM1 antibodies to activate the complement system correlate with disease severity.
Multifocal motor neuropathy (MMN) is a chronic polyneuropathy characterized by asymmetric predominantly distal limb weakness, conduction block, and the presence of anti-GM1 IgM antibodies in approximately half of patients. 1 The frequent presence of anti-GM1 antibodies and the response to treatment with IV immunoglobulin (IVIg) suggest an immune-mediated etiology. 2, 3 The hypothesis that anti-GM1 antibodies play an important role in MMN pathogenesis is supported by similarities with the axonal variants of Guillain-Barré syndrome (GBS) 4, 5 and animal models. 6, 7 Rabbits developed anti-GM1 antibodies and flaccid paresis after immunization with GM1. Their IgG reacted with rabbit peripheral nerve, 8 and only anti-GM1 antibodies from rabbits with neuropathy activated complement. 9 Deposition of complement components and anti-GM1 IgG antibodies in (para)nodal regions, where GM1 is abundantly expressed, caused disruption of sodium channel clustering at the nodes of Ranvier. 12 This mechanism may underlie conduction block, which is also a characteristic of GBS. 4 Few studies have addressed pathogenic mechanisms and the role of anti-GM1 IgM antibodies in patients with MMN. Anti-GM1 IgM antibodies in sera from patients with MMN, but not from relevant disease controls, activate complement in vitro, 13, 14 and IVIg may exert beneficial effects by attenuation of systemic complement activity and antibodymediated deposition of complement. 13, 14 Differences in innate complement activity determine susceptibility to and outcome of several inflammatory disorders, possibly including GBS. 15 We therefore investigated whether high innate activity of the classical and lectin pathways of complement, which are activated by antibody complexes, is a risk factor for MMN or unfavorable outcome and compared innate classical and lectin pathway activity, mannose-binding lectin (MBL) serum concentrations, and MBL2 genotypes between patients and controls. We also investigated whether the complementactivating capacity of anti-GM1 IgM antibodies is associated with disease severity.
METHODS Patients and controls. Seventy-nine patients with MMN and 79 sex-and age-matched (65 years) healthy controls were included in this study. All participants were Dutch Caucasian and all patients fulfilled the diagnostic criteria for MMN. 16 Muscle strength was examined bilaterally by the same investigator (E.A.C.) in all patients using the Medical Research Council (MRC) scale ranging from 0 (no movement) to 5 (normal). Eleven arm muscle groups and 7 leg muscle groups were tested, and the MRC sum score was calculated accordingly (maximum 180). Axonal loss was assessed by scoring decreased distal compound muscle action potential (CMAP) (amplitude below the lower limit of normal) for the median, ulnar, radial, musculocutaneous, peroneal, and tibial nerves on both sides. 17 Anti-GM1 IgM antibody titers were determined with ELISA. 3 Standard protocol approvals, registrations, and patient consents. The study protocol was approved by the Medical Ethical Committee of the University Medical Center Utrecht and all participants gave written informed consent.
Sera and DNA samples. Serum samples were obtained from all patients and stored at 280°C before use. Seventy patients with MMN (89%) received IVIg maintenance treatment at the time of blood sampling. Serum IgG levels were determined in all samples using nephelometric techniques (IMMAGE, Beckman Coulter, Brea, CA). Genomic DNA was isolated from whole blood samples using standard methodology. DNA samples could be obtained for 75 patients and 71 controls.
MBL concentrations and genotyping of MBL2. Serum concentration of the multimeric MBL protein was determined with an ELISA (Sanquin, Amsterdam, the Netherlands). The X/Y promoter polymorphism (rs7096206) and the 3 single nucleotide polymorphisms (SNPs) in exon 1 (wild-type "A" and variants "O" rs5030737, rs1800450, and rs1800451) of the MBL2 gene were determined using a previously described denaturing gradient gel electrophoresis assay in a nested PCR protocol. 18, 19 Genotypes 0/0 and XA/0 were considered MBL-deficient, and genotypes YA/0, XA/XA, XA/YA, and YA/YA were considered MBL-sufficient, with the YA/YA genotype related to the highest lectin pathway activity. 20, 21 Activity of lectin and classical pathways of complement.
The innate activity of the lectin and classical pathways of complement was determined using a previously published ELISA protocol with minor modifications. 22, 23 In short, ELISA plates were either coated with mannan (10 mg/mL, Sigma-Aldrich, St. Louis, MO) for the lectin pathway and human IgM (3 mg/mL, Calbiochem, San Diego, CA) for the classical pathway or left uncoated. For each sample a corrected optical density (OD) was calculated (OD of coated wells minus OD of noncoated wells). Serum samples diluted 1/100 in gelatin veronal-buffered saline (GVBS)11 (veronal containing 0.05 mM CaCl 2 , 0.025 mM MgCl 2 , and 0.1% gelatin; pH 7.4-7.6) were added in triplicate. To block any contribution of the classical pathway to the complement activation by mannan, anti-human C1q (Sanquin) was added to the serum during assessment of the lectin pathway activity. 24 To correct for day-to-day variation and variation between the plates, human pooled serum (HPS) from 10 healthy donors was included in each experiment. Lectin and classical pathway activity was expressed relative to the activity of the HPS (corrected OD sample/corrected OD HPS 3 100).
Complement-activating capacity of anti-GM1 IgM antibodies. We measured complement activation by IgM anti-GM1 antibodies with a previously described ELISA with some modifications. 13 Plates were coated with 0.5 mg GM1 in methanol (Alexis, Kordia Life Sciences, Leiden, the Netherlands) or with human plasma IgM (3 mg/mL in 0.1M Na-carbonate buffer, pH 9.6, Calbiochem) as a positive control. Wells saturated with phosphate-buffered saline (PBS) 1% bovine serum albumin (BSA) served as a control for nonspecific binding. Heat-inactivated patient sera diluted 1/100 in PBS 1% BSA were added in triplicate. Pooled healthy donor serum diluted 2/100 in GVBS11 was added as a complement source. C3 complement binding was detected by adding digoxigenin (dig)-labeled mouse anti-C3c "WM1" antibody (ATCC, 0.1 mg/mL in 1% BSA-PBS) followed by incubation with peroxidase-labeled anti-dig antibody (Roche Diagnostics, Indianapolis, IN). C5b-9 complement binding was detected by adding mouse anti-C5b-9 (1 mg/mL in 1% BSA-PBS, Santa Cruz Biotechnology Inc., Dallas, TX) followed by incubation with anti-mouse IgG-peroxidase (80 ng/mL in 1% BSA-PBS, Jackson ImmunoResearch Laboratories, Inc., Baltimore, MD). All incubation volumes were 70 mL.
Statistical analysis. Pearson x
2 test was used to compare MBL2 genotypes between patients and controls. Mann-Whitney U test was used to compare age, MBL concentrations, lectin and classical pathway activity, and IgG concentrations between patients and controls, and MBL concentration and classical and lectin pathway activity between patients on IVIg maintenance treatment and IVIg-naive patients. Correlations of MBL2 genotypes with MBL concentration and lectin pathway activity were calculated with the Kruskal-Wallis test. Spearman rank correlation coefficient was used to investigate the association of MBL concentration with lectin pathway activity, IgG concentration with lectin and classical pathway activity, and C3b and C5b-9 deposition with anti-GM1 IgM titers.
To identify whether activity of the complement pathways contributed to disease severity, we used multinomial logistic regression analysis with weakness (MRC sum score) and axonal loss (number of nerves with decreased distal CMAP) as outcome measures. We divided patients into quartiles based on degree of weakness and axon loss. Patients with minor abnormalities (first quartile) were compared with patients with mild, moderate, or severe disease course (second, third, and fourth quartiles, respectively). Multivariate analysis was performed to investigate whether MBL2 genotypes, MBL concentration, classical and lectin pathway activity, and GM1 complement-activating capacity were determinants of outcome. Sex, conduction block (CMAP area reduction 30%-50% vs CMAP area reduction over 50%), age at onset, number of years untreated (disease duration without IVIg treatment), and IgG concentration were included as covariates. We used SPSS for Windows version 20 The median MBL serum concentration was 1,550 ng/mL (range 40-4,000 ng/mL) in patients and 1,760 ng/mL (range 20-4,000 ng/mL) in controls (p 5 0.97). The MBL concentration correlated with the MBL2 haplotype in patients and controls (p , 0.001) (table 2, figure e-1 at Neurology.org/nn).
Lectin and classical pathway activity in patients and controls. Figure 1 shows the activity of the lectin and classical pathways of 79 patients with MMN and Table 1 Characteristics of patients and controls figure e-3 ).
Complement-activating capacity of anti-GM1 IgM antibodies. Figure 2A shows the complement activation by anti-GM1 IgM antibodies. Deposition of complement activation products C3b and the terminal pathway complex C5b-9 (membrane attack complex [MAC]) correlated with anti-GM1 IgM antibody titers (C3b r s 5 0.73, p , 0.001; C5b-9 r s 5 0.71, p , 0.001). As expected, serum from the 27 patients without detectable anti-GM1 IgM antibodies did not activate the complement system. Compared to the OD values of these anti-GM1 IgM antibody-negative patients, median C3b and C5b-9 OD values of the patients with GM1 reactivity were higher in samples with anti-GM1 IgM antibody titers of $1:400 (p , 0.001). Deposition of complement factors C3b and C5b-9 showed close correlation (r s 5 0.93, p , 0.001, figure  2B ). C3b and C5b-9 deposition was abrogated after addition of anti-C1q antibody or the calcium scavenger ethylene glycol tetraacetic acid (data not shown), suggesting that complement activation was triggered through the classical pathway of complement.
Antibodies, complement activity, and disease severity.
We investigated the association of complement activity and disease severity in a multivariate model with sex, conduction block, age at onset, number of years without IVIg treatment, and IgG concentration as covariates. We used muscle weakness and axon loss, which is an important determinant of disability, 2, 25 as the outcome measures. We defined quartiles of weakness (MRC sum score) and axon loss (number of nerves with a decreased distal CMAP). Weakness was minor in 21 patients (173-179), mild in 20 patients (165-172), moderate in 19 patients (146-164), and severe in 19 patients (108-145). Results from extensive nerve conduction studies to score axon loss were available for 77 patients. Axon loss was minor in 24 patients (0-1), mild in 15 patients (2), moderate in 21 patients (3-4), and severe in 17 patients (5-10). Patients with minor weakness or axon loss were compared with patients with mild, moderate, or severe disease course.
Multinomial logistic regression analysis showed that innate classical pathway activity was higher in patients with mild, moderate, and severe weakness compared with those with minor weakness (p 5 0.006, p 5 0.02, and p 5 0.003, respectively). A similar trend was seen for the association of innate classical Figure 1 Classical pathway and lectin pathway activity in patients with multifocal motor neuropathy and controls
Classical pathway (CP) activity (A) and lectin pathway (LP) activity (B) was expressed relative to the activity of the human pooled serum (%). Bars represent median CP and LP activity.
pathway activity with the degree of axonal loss (mild p 5 0.17, moderate p 5 0.03, severe p 5 0.07) ( figure 3A) . Complement-activating capacity of anti-GM1 IgM antibodies, defined as the deposition of complement component C3b, was also higher in the patients with severe weakness (p 5 0.03) and axon loss (p 5 0.01). There was no difference in complementactivating capacity of anti-GM1 IgM antibodies between patients with minor, mild, or moderate symptoms ( figure 3B ).
MBL2 genotypes, serum MBL concentration, and intrinsic lectin pathway were not associated with disease severity. Number of years without IVIg treatment, which is a known prognostic factor, 2 was significantly associated with a more severe outcome. DISCUSSION The results of this study underline the importance of antibody-complement interaction in MMN pathogenesis and suggest that both complement-activating capacity of anti-GM1 IgM antibodies and high innate classical pathway activity are risk factors for unfavorable outcome in MMN. Previous studies have shown that anti-GM1 IgM antibodies in sera from patients with MMN have complement-activating properties. 13, 14 This study is unique in that we addressed both complement and antibody activity in relation to disease characteristics.
Our findings fit into a model of MMN pathogenesis in which antibody-mediated complement deposition at the nodes of Ranvier is a crucial step. 8, 9, 12 Although complement deposition in motor nerves of patients with MMN has not been studied in detail, experimental studies have identified complement deposition as an important pathogenic mechanism that causes disruption of the ultrastructure at the nodes of Ranvier and paranodes, in particular the clustering of ion channels. 12 Our data confirmed that anti-GM1 IgM antibodies trigger complement deposition only via the classical pathway. 13, 14 Both high innate classical pathway activity and complement-activating capacity of anti-GM1 antibodies were associated with severe weakness and axonal loss, suggesting that patient characteristics that may promote complement deposition in nerves influence outcome. Whether a similar pathogenic mechanism underlies MMN in patients without apparent anti-GM1 IgM antibody titers remains unknown. Recent reports have suggested that the subgroup of patients without anti-GM1 antibodies may be smaller than previously assumed when more sensitive methodology is used, but these studies have also consistently shown that a subgroup of patients completely lack anti-GM1 IgM. 26, 27 We did not find evidence for a role of the MBL pathway of complement in MMN pathogenesis, in contrast to a previous report in GBS. 15 Innate activity of the MBL pathway and MBL concentrations were similar in patients and controls, anti-GM1 antibodies did not activate the MBL pathway in vitro, and there was no association with MBL2 genotypes.
The use of IVIg maintenance therapy by the majority of patients with MMN at the time of venapuncture is a potential weakness of this study.
Although there was no inverse correlation of IgG concentrations with complement activity or differences in complement activity between patients with and without IVIg, we cannot exclude the possibility that IVIg maintenance therapy changed innate complement activity. 13, 14 Inclusion of only treatment-naive patients was not feasible due to the low incidence of MMN. 2 Experimental complement inhibition attenuated disease course in animal models of anti-ganglioside antibody-mediated neuropathies. [28] [29] [30] Although IVIg exerts multiple immunomodulatory effects, 31 IVIg efficacy may be at least partially explained by both complement inhibition at systemic levels and attenuation of complement deposition in nerves. 13, 14, [32] [33] [34] It has not been established whether currently used IVIg doses and treatment frequencies optimally attenuate complement activity. IVIg doses and pharmacokinetics differ between patients, which could cause interindividual differences in complement inhibition at equivalent IVIg doses. 2, 35 Our data may suggest that patients with relatively high levels of innate complement activity or antibodies with pronounced complement-activating properties could benefit from higher IVIg dosing or additional alternative complement inhibitory treatment strategies. Nafamostat mesilate, a synthetic serine protease inhibitor that has been successfully tested in the GBS rabbit model, 28 and monoclonal antibodies that target complement components of the classical or terminal pathway are possible candidate drugs. Adjunctive treatment with the C5-specific monoclonal antibody eculizumab led to small improvements in motor performance in some patients with MMN. 36 The relatively disappointing results from this trial may suggest that there are other pathogenic mechanisms besides MAC deposition in MMN, but it cannot be excluded that deposition of C3, which is not blocked by eculizumab, is sufficient to cause ultrastructural alterations at the nodes of Ranvier. Alternatively, eculizumab infusion may not cause full C5 depletion in the peripheral nervous system or may fail to antagonize local production of C5 by Schwann cells. Larger randomized controlled trials in patients with both GBS and MMN are needed to further clarify these issues. 37, 38 AUTHOR CONTRIBUTIONS L. Vlam: drafting/revising the manuscript for content, analysis or interpretation of data, acquisition of data, statistical analysis. E.A. Cats: drafting/revising the manuscript for content, acquisition of data. O. Harschnitz: drafting/revising the manuscript for content, analysis or interpretation of data. M.D. Jansen: drafting/revising the manuscript for content, acquisition of data. S. Piepers: drafting/revising the manuscript for content, acquisition of data. 
